Commissural axons grow along complex pathways toward, across, and beyond the midline of the central nervous system. Taking commissural axons in the vertebrate spinal cord and the Drosophila ventral nerve cord as examples, we examine how commissural axon pathfinding is regulated by the Slit family of guidance cues and their Robo family receptors. We extract several principles that seem likely to apply to other axons and other contexts, such as the reiterative use of the same guidance molecules in distinct pathfinding decisions, the transcriptional specification of a pathway, the posttranscriptional regulation of growth along the pathway, and the possible role of feedback mechanisms to ensure the fidelity of pathfinding choices. Such mechanisms may help explain how a relatively small number of guidance molecules can generate complex and stereotyped wiring patterns. We also highlight the many gaps in our understanding of commissural axon pathfinding and question some widely accepted views. We hope that this review encourages further efforts to tackle these questions, in the expectation that this system will continue to reveal the general principles of axon pathfinding. 
INTRODUCTION
One of the many enduring mysteries of the nervous system is how so many neurons are wired up so precisely into functional circuits. This problem is traditionally broken down into a number of distinct but interdependent developmental processes: specification of neuronal identity, neuronal polarization, the initiation of axonal and dendritic outgrowth, navigation of axons and dendrites toward their respective target regions, recognition of the appropriate target cells, and finally the formation of synaptic contacts. All these processes are currently under intense investigation. In particular, much progress has been made over the past decade or so in defining the mechanisms by which axons navigate toward their targets (Dickson 2002 , Huber et al. 2003 , Tessier-Lavigne & Goodman 1996 , Yu & Bargmann 2001 . Indeed, it is not uncommon to hear the throw-away comment that "axon guidance has been solved." Our goal in writing this review is to highlight that much has indeed been learned, yet the problem of axon guidance is still far from being solved. Rather than attempting a comprehensive overview of the field, we focus instead on one of the best-understood models for axon pathfinding: the guidance of commissural axons in vertebrates and Drosophila by Slit and its Robo family receptors. This very narrow focus offers, we believe, the best perspective from which to assess what we know, what we do not yet know, and what we think we know but probably do not. Moreover, it gives us a chance to delve deeply into the intimate details of one system while still seeking to illuminate principles that are likely to be more generally applicable.
COMMISSURAL AXON PATHFINDING
Commissural neurons extend their axons across the midline of the central nervous system, thus forming the commissures that connect the two symmetric halves of the nervous system. Here, we focus on the projections of commissural axons in the developing vertebrate spinal cord and in the Drosophila ventral nerve cord (Figure 1) . Vertebrate commissural neurons are born in the dorsal spinal cord, and their axons are first drawn to the midline by the chemoattractants netrin and sonic hedgehog, which emanate from the ventral floor plate (Charron et al. 2003 (Figure 1a (contralateral) side, growing right alongside the floor plate in the lateral funiculus. Drosophila commissural neurons also require netrins for crossing (Figure 1d ,e) , Mitchell et al. 1996 , although in this case they evidently act as short-range cues to facilitate crossing itself rather than as long-range chemoattractants that orient and guide commissural axons toward the midline (Brankatschk & Dickson 2006) . There is no evidence that hedgehog contributes to commissure formation in Drosophila, as sonic hedgehog does in vertebrates. Nevertheless, some other attractive mechanism is likely to exist, as commissures are only partially disrupted in netrin mutants (Brankatschk & Dickson 2006 Contralateral: projecting to the opposite side of the midline et al. 1996) . As in vertebrates, many Drosophila commissural axons also turn longitunally once they reach the contralateral side of the midline, sorting themselves out into discrete lateral pathways. To explain these commissural axon trajectories, three questions need to be answered: (a) Why do commissural axons, but not other axons, cross the midline? (b) Why, if the midline is so attractive, do these axons then leave it again? (c) Once they emerge on the opposite side of the midline, why do commissural axons turn longitudinally into specific lateral pathways rather than being guided back into the midline by the same cues that got them there in the first place? Remarkably, the answers to all three of these questions involve EGF: epidermal growth factor-like domain LRR: leucine-rich repeat another midline guidance cue, Slit, which signals through Robo family receptors. Thus, before examining each of these three pathfinding decisions in detail, we now briefly introduce these two protein families.
SLITS AND ROBOS

Slits: Conserved Midline Guidance Cues
The slit mutant was identified first in the classic genetic screen for embryonic patterning defects in Drosophila (Nüsslein-Volhard et al. 1984) and subsequently in screens for commissural axon pathfinding defects (Hummel et al. 1999 , Seeger et al. 1993 . The mutants are characterized by the collapse of axon tracts onto the midline , Rothberg et al. 1990 ). The slit gene encodes a large (∼190-kDa) secreted protein produced by midline cells (Figure 2a ) (Rothberg et al. 1988 (Rothberg et al. , 1990 , the function of which remained obscure until genetic (Battye et al. 1999 ) and biochemical (Brose et al. 1999 , Li et al. 1999 ) studies identified it as the ligand for Robo. Mammals have at least three slit genes (Slit-1, Slit-2, and Slit-3), which are also expressed by midline cells (Figure 2b ) (Brose et al. 1999 , Holmes et al. 1998 , Itoh et al. 1998 , Li et al. 1999 , Nakayama et al. 1998 , Yuan et al. 1999b ). Disruption of all three slit genes in mice leads to defects similar to, though less severe than, those seen in Drosophila slit mutants, with axons aberrantly crossing or stalling at the midline (Long et al. 2004 ). These in vivo data from Drosophila and mice, together with genetic studies in Caenorhabditis elegans (Hao et al. 2001 ) and in vitro assays of vertebrate neurons , Zou et al. 2000 , all indicate a conserved role for Slit proteins as repellent guidance cues for commissural axons.
All Slit proteins share a common domain structure, consisting of a series of four leucinerich repeats (LRRs), seven to nine epidermal growth factor (EGF)-like domains, a laminin G domain, and a C-terminal cysteine-rich domain (Figure 2a ). Most Slit proteins are cleaved within the EGF-like region by unknown proteases (Brose et al. 1999 , Wang et al. 1999 ), but although the proteolytic fragments have distinct activities in vitro (Nguyen Ba-Charvet et al. 2001 , Wang et al. 1999 , the biological relevance of this cleavage is still unknown. Biochemical and structural studies have mapped the primary Robo-binding site in Drosophila Slit to the highly conserved concave face of the second LRR (Howitt et al. 2004 ; Figure 2c The Slit and Robo families. Species abbreviations used: Ag, Anopheles gambiae; Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster; Dr, Danio rerio; Hs, Homo sapiens; Mm, Mus musculus. (a) Slit domain organization. Abbreviations used: aa, amino acids; LRR, leucine-rich repeat; EGF, epidermal growth factor-like repeat; lamG, laminin G domain; Cys, cysteine-rich domain. Arrowhead indicates cleavage site in vertebrate and Drosophila Slits. (b) Phylogenetic analysis of Slit family proteins. A neighbor-joining tree was constructed from a multiple sequence alignment (Edgar 2004 ) generated with ClustalX, using bootstrap confidence values (Thompson et al. 1997) . (c) Model of Slit LRR2 structure, using the crystal structure of LRR1 as a template (pdb: 1W8A, residues 1-192; Howitt et al. 2004 ). Conservation of surface residues was calculated using ConSurf (Landau et al. 2005) and is indicated with a color gradient from red (most conserved) over white to blue/purple (most divergent). The upper model shows the concave face, and the lower model the convex face. (d ) Robo domain organization. Ig, immunoglobulin-like domain; FN3, fibronectin type 3 domain; TM, transmembrane region; CC0-3, conserved cytoplasmic motifs. (e) Phylogenetic analysis of Robo family proteins, prepared using extracellular sequences only. ( f ) Model of Robo Ig domains 1-2, prepared as in c, using the crystal structure of NCAM Ig domains 1-3 as a template (pdb: 1QZ1, is also well conserved and may function as a dimerization domain (Howitt et al. 2004) . However, dimerization is not required for Slit to bind to Robo in vitro, and there is yet no direct evidence that dimerization is required for Slit function in vivo.
Robos: Receptors for Slits
Like slit, robo (short for roundabout) was also initially identified through genetic studies in Drosophila-specifically, in the screen for mutants with commissural axon pathfinding defects (Seeger et al. 1993) . In robo mutant embryos, too many axons cross the midline, including both ipsilateral axons that aberrantly cross and commissural axons that recross (Kidd et al. 1998a , Seeger et al. 1993 . Cloning of the robo gene showed that it encodes a predicted cell surface protein expressed on central nervous system (CNS) axons (Kidd et al. 1998a ; Figure 2d ). In parallel, the C. elegans sax-3 gene was found to encode a highly related protein with a function in sensory axon guidance (Zallen et al. 1998 ). Since then, two additional robo genes have been identified in Drosophila-robo2 and robo3 (Kidd et al. 1998a , Rajagopalan et al. 2000b , Simpson et al. 2000b )-and four robo genes in mammals-Robo1, Robo2, Robo3 (also known as Rig-1), and Robo4 (also known as Magic Roundabout) (Huminiecki et al. 2002 , Kidd et al. 1998a , Yuan et al. 1999a . The robo gene families in Drosophila and vertebrates appear to have arisen by independent gene duplications; despite their similar names, Drosophila robo2 and robo3 are not orthologs of vertebrate Robo2 and Robo3 (Figure 2e ). All the vertebrate Robos, with the exception of Robo4, are also expressed in CNS neurons, including commissural neurons.
At the time of its initial characterization in Drosophila, Robo's ligand was unknown. The structure and localization of Robo protein, together with the robo mutant phenotype, suggested that this ligand was likely to be either an attractive cue expressed laterally or an repulsive cue expressed at the midline. Evidence for the latter came with the identification of Slit as the Robo ligand (Brose et al. 1999 .
Most Robo proteins consist of an extracellular domain comprising five immunoglobulin-like (Ig) and three fibronectin type III (FN3) repeats, a single transmembrane segment, and a cytoplasmic domain without any obvious catalytic activity (Figure 2d ) (Kidd et al. 1998a ). The only exception is mammalian Robo4, which contains only two Ig domains and two FN3 domains. The Slit-binding site on Robo proteins has been mapped down to the first two Ig domains (Liu et al. 2004) , the most conserved region in Robo receptors (Kidd et al. 1998a ; Figure 2f ). The concave face of Slit's second LRR domain is, however, only large enough to accommodate a single Ig domain (Howitt et al. 2004) . This is likely the first Ig domain, as mutations in this domain alone interfere with Robo function (Kidd et al. 1998a , Xian et al. 2001 ). All three Drosophila Robos bind with comparable affinity to the same site of Slit (Howitt et al. 2004) .
The cytoplasmic domains of Robo receptors are in general poorly conserved. However, four short conserved cytoplasmic sequence motifs can be recognized and have been dubbed CC0-3 (Figure 2d,g,h) . These CC motifs are thought to be sites of interaction for various cytoplasmic signaling proteins. For example, Ena/VASP proteins bind to CC1 and CC2 (Bashaw et al. 2000) , the src homology 2 and 3 domain (SH2/SH3) adaptor Dock/Nck binds to the CC2 and CC3 motifs (Fan et al. 2003) , the Rho family GTPaseactivating proteins (GAPs) Vilse/crGAP and srGAPs bind to CC2 and CC3, respectively (Hu et al. 2005 , Lundstrom et al. 2004 , Wong et al. 2001 , and the Abl tyrosine kinase binds to CC3 and phosphorylates CC1 (Bashaw et al. 2000) . It remains unclear how these various signaling pathways might act independently or together to repel a growth cone. Nevertheless, it is interesting to note that not all Robos contain all four CC motifs (Figure 2g,h) . For example, C. elegans SAX-3 lacks CC0 and CC3, Drosophila Robo2 and Robo3 lack both CC2 and CC3, and vertebrate Robo3 lacks CC1. This suggests that different Robo proteins engage different sets of binding partners, potentially leading to distinct growth cone responses.
CROSSING THE MIDLINE
We now return to consider in turn each of the commissural axon pathfinding decisions raised above, beginning with the question of why commissural axons cross the midline but ipsilateral axons do not. Assuming that all CNS axons are exposed to both midline attractants and repellents, this may be because commissural axons are more sensitive to attractants than are ipsilateral axons or because ipsilateral axons are more sensitive to repellents. At present, there is no evidence to suggest that commissural axons are more strongly attracted to the midline than are ipsilateral neurons. In contrast, there are clear indications that ipsilateral axons are repelled by Slit, whereas commissural axons, initially, are not.
As we discuss here, in both Drosophila and mice this difference seems to be due to the differences in the posttranscriptional regulation of Robo family receptors in commissural versus ipsilateral neurons. The molecular mechanisms for this regulation are slowly coming to light, revealing intriguing similarities and differences in the two species.
Posttranscriptional Regulation of Robos Regulates Midline Crossing
The posttranscriptional regulation of Robo receptors first became apparent in Drosophila, in which it was found that, although robo mRNA is expressed uniformly in all neurons in the nerve cord, Robo protein is highly enriched on longitudinal axon tracts but barely detectable on commissures (Figure 3a ) (Kidd et al. 1998a ). More specifically, Robo can be detected on the growth cones of ipsilateral pioneers but not of commissural pioneers as they extend across the midline, although both types of neurons express robo mRNA. Commissural growth cones, however, do accumulate high levels of Robo protein once they have crossed the midline and reached the contralateral side (Kidd et al. 1998a ).
The robo2 and robo3 genes are subject to much more complex transcriptional regulation than is robo, as the former are expressed dynamically in distinct but overlapping populations of neurons (Rajagopalan et al. 2000b , Simpson et al. 2000b ). But they too are subject to a similar posttranscriptional regulation such that Robo2 and Robo3 proteins are also excluded from commissures and enriched on longitudinal pathways (Rajagopalan et al. 2000a,b; Simpson et al. 2000a) .
In Drosophila, axon growth along a longitudinal rather than commissural pathway thus correlates with high levels of Robo proteins rather than with the transcriptional regulation of any of the robo genes. Although gain-offunction studies show that elevated levels of any of the three Robos can be sufficient to prevent crossing , Rajagopalan et al. 2000a , Simpson et al. 2000b ), lossof-function experiments reveal that midline crossing is primarily regulated through Robo alone and not Robo2 or Robo3. Specifically, midline crossing errors are rife in the robo mutants (Kidd et al. 1998a , Seeger et al. 1993 ) but rare in robo2 and robo3 single and double mutants (Rajagopalan et al. 2000a , Simpson et al. 2000b ). As we discuss in more detail below, Robo2, together with Robo, does have an important function in preventing commissural axons from stalling at the midline (Rajagopalan et al. 2000a , Simpson et al. 2000b , and Robo2 and Robo3 function together to direct longitudinal axons into specific lateral pathways (Rajagopalan et al. 2000b , Simpson et al. 2000a .
Like the Drosophila Robos, the three mammalian Robos-Robo1, Robo2, and Robo3-are also expressed in a complex pattern of distinct but overlapping neuronal populations (Brose et al. 1999 , Kidd et al. 1998a . Moreover, the mammalian Robos also have a restricted localization along commissural axons (Brose et al. 1999 , Kidd et al. 1998a , Long et al. 2004 ). Notably, Robo1 and Robo2 levels are low as commissural growth cones extend toward and across the midline, but high after crossing (Long et al. 2004 )-a pattern essentially identical to that of the three Robo receptors in Drosophila. Curiously, Robo3 has precisely the opposite distribution: high before crossing and low afterward . By analogy to Drosophila, one might predict that levels of Robo1 and Robo2 (but not of Robo3) must be kept low to allow crossing. This is untested. However, as discussed below, genetic data suggest that premature activation of Robo1 (irrespective of its levels) is sufficient to prevent crossing ).
In Drosophila, Comm Sorts Robo to Allow Midline Crossing
How are Robo protein levels regulated in Drosophila?
In particular, what keeps Robo levels low in commissural axons to allow midline crossing? The first clues to these questions came with the identification of another gene, commissureless (comm) (Tear et al. 1996) , that was initially defined by a mutant found in the same genetic screen as robo (Seeger et al. 1993) . As the name indicates, comm mutants have precisely the opposite phenotype to robo: No axons cross the midline at all. The commissural neurons evidently form properly, but their axons are diverted into ipsilateral rather than contralateral pathways (Seeger et al. 1993) . Importantly, the comm robo double-mutant phenotype resembles that of the robo single mutant (Seeger et al. 1993) , and the phenotype of comm slit looks like that of slit (G.F. Gilestro & B.J. Dickson, unpublished data) . Thus, commissural axons fail to cross in the comm mutant owing to the inappropriate activity of Slit and Robo. By inference, the normal function of Comm is to antagonize Slit-Robo function and thereby allow midline crossing.
Conceivably, Comm may interfere with either Slit function in midline cells or Robo function in commissural neurons, and so one critical issue is to determine where comm function is required. Puzzlingly, comm is expressed both in midline cells (Tear et al. 1996) and in commissural neurons (Georgiou & Tear 2002 , Keleman et al. 2002 , and it has not been a trivial matter to determine in which cells it is required for commissure formation. Initially it was thought that comm function was required only in midline cells (Tear et al. 1996) or in both midline cells and neurons (Georgiou & Tear 2002) . However, it is now generally accepted that comm is required exclusively in the commissural neurons themselves and not at all in midline cells (Keleman et al. 2002 (Keleman et al. , 2005 . The best evidence for this comes from selective rescue experiments, in which comm function is first completely removed from the entire embryo, then genetically added back only in a few specific commissural neurons (poxn neurons). In these embryos, the normal commissures are completely missing, yet many of the rescued commissural neurons still manage to grow across the midline-even taking on the novel role as pioneer axons to do so (Keleman et al. 2005) . In contrast, adding comm back in midline cells has no effect, both when comm is expressed in midline cells alone (Georgiou & Tear 2002 , Keleman et al. 2005 and when it is also expressed in poxn neurons (Keleman et al. 2005) . Further evidence for a strictly autonomous function for comm has also come from studies of genetic mosaics generated by either cell transplantation or genetic recombination (Keleman et al. 2002 , McGovern & Seeger 2003 .
Whereas comm is clearly expressed and required in commissural neurons, it cannot be detected in ipsilateral neurons (Georgiou & Tear 2002 , Keleman et al. 2002 . Moreover, forced expression of comm in specific ipsilateral neurons (Ap neurons) is sufficient to entice them to cross (Bonkowsky et al. 1999 ). The expression of comm can thus be seen as a genetic switch that determines which axons cross and which do not (Figure 3a) . More speculatively, comm may also be a temporal switch that determines when an axon can cross-initially coming on in commissural neurons to allow crossing but then going off to (Keleman et al. 2002) . This notion should however be treated with some skepticism, as the time course of comm expression is more difficult to resolve and of less obvious relevance than its spatial regulation.
How does Comm antagonize Robo to regulate midline crossing? Comm is a protein of 370 amino acids with a single transmembrane domain but little else that might suggest a possible molecular function-no obvious conserved catalytic domain nor any identifiable relatives outside the Dipteran insects (Tear et al. 1996; M. Novatchkova, personal communication) . However, using heterologous cell culture systems, researchers could show that Comm is localized in the Golgi and in late endosomes and that it can both bind Robo and recruit it to endosomes (Keleman et al. 2002 , Myat et al. 2002 . Surface labeling experiments further indicated that Comm brings Robo to endosomes directly from the Golgi, rather than internalizing it from the cell surface, thus defining Comm as an endosomal sorting receptor for Robo (Keleman et al. 2002) . Intracellular trafficking of Robo has also been directly observed in vivo through use of a Robo-GFP fusion to monitor its movement along sensory axons in living Drosophila embryos (Keleman et al. 2005) . As predicted from the cell culture experiments, Robo-GFP is normally transported down these axons (Figure 3b ), but this transportation is blocked if Comm is expressed (Figure 3c) . If the same mechanism operates in commissural neurons, as seems likely but remains to be shown, then this may explain how Comm blocks Slit-Robo signaling to allow crossing (Figure 3a) .
Experiments using the heterologous cell culture system have also suggested that Comm has a similar action on Robo2 and Robo3 (Choi 2003; G.F. Gilestro & B.J. Dickson, unpublished data) . The relevance of this is unclear, however, as no aspect of the comm mutant phenotype has yet been attributed to inappropriate activity of either Robo2 or Robo3. In particular, whereas the phenotype of comm robo double mutants resembles that of robo single mutants (Seeger et al. 1993) , the phenotypes of comm robo2 and comm robo3 resemble that of comm (Rajagopalan et al. 2000a; G.F. Gilestro & B.J. Dickson, unpublished data) . Genetically, then, the comm phenotype requires robo function but does not require robo2 or robo3 and so is more readily explained by missorting of Robo than of Robo2 or Robo3.
It is also still unclear how Comm couples Robo to the endosomal sorting machinery. Extensive structure-function studies have revealed little sequence requirement in Comm's cytoplasmic domain (Georgiou & Tear 2002 , 2003 Keleman et al. 2002 Keleman et al. , 2005 Myat et al. 2002) , which is in any case poorly conserved. It seems that the only cytoplasmic region required is a short conserved motif with some similarity to other tyrosine-based sorting motifs. Yeast two-hybrid experiments identified the ubiquitin ligase Nedd4 as a potential binding partner for this motif, leading to the proposal that Nedd4 recruitment results in the ubiquitination of Comm, thereby tagging Comm for either endosomal delivery or proteasomal degradation (Myat et al. 2002) . This model has not withstood more rigorous testing (Keleman et al. 2005) . A viable alternative is yet to emerge.
Another perplexing matter is the apparent lack of Comm proteins in vertebrates. The search for other Comm proteins received an early boost with the identification of two other Comm-like proteins in Drosophila, Comm2 and Comm3 (Keleman et al. 2002 , Rajagopalan et al. 2000a . They are only distantly related, with ∼16% amino acid identity to Comm, yet have the same overall size and structure as Comm, share the putative tyrosine-based sorting motif, and are encoded by closely linked genes. It was initially speculated that Comm2 and Comm3 may function in a manner similar to Comm, perhaps even with some selectivity for Robo2 and/or Robo3 (Rajagopalan et al. 2000a ). Unfortunately, this tantalizing idea has not held up. First, Comm2 and Comm3 have only moderate abilities to sort Robo in the heterologous cell-based assays and barely sort Robo2 and Robo3 at all (Choi 2003) . Second, commissural and longitudinal axon pathways appear normal in comm2 null mutant and comm2 comm3 RNAi knockdown embryos (Rajagopalan 2002) . And disappointingly, even if these additional Drosophila comm genes are used as a guide, relatives still cannot be reliably identified outside the dipteran insects-not even in sequenced lepidopteran or hymenopteran genomes (M. Novatchkova, personal communication). Moreover, although there are only limited sequence data for non-Drosophila dipterans, the homologs that can be identified in these species seem to be more closely related to Comm3 than to Comm itself. This does not bode well for the fading hopes that vertebrate comm genes are still waiting to be discovered.
In Vertebrates, Robo3 Antagonizes Robo1 to Allow Midline Crossing
Just as the hopes of finding a vertebrate Comm were fading, a surprising negative regulator of Slit-Robo signaling emerged from two seemingly unrelated lines of investigation ( Jen et al. 2004 ). This negative regulator is none other than the Robo3 (or Rig-1) protein, which a priori may have been expected to function positively rather than negatively in Slit signaling (like any other Robo family member). However, when the Robo3 gene in mice was disrupted, the result was not an increase in midline crossing, as expected, but precisely the opposite. In Robo3 −/− embryos, commissural axons avoid the midline, making their longitudinal turn on the ipsilateral rather than the contralateral sidestrikingly mimicking the comm mutant phenotype in Drosophila . In parallel, a human syndrome called horizontal gaze palsy and progressive scoliosis (HGPPS) was found to be associated with mutations in the human Robo3 gene ( Jen et al. 2004) . A striking feature of this syndrome is the aberrant ipsilateral projections of major ascending and descending axon pathways, evidently Robo3 antagonizes Robo1 to allow crossing in mice. Model for the regulation of midline crossing in mice; adapted from Sabatier et al. (2004) . In precrossing commissural axons, Robo3 levels are high, and Robo1 levels low. Robo3A is thought to inhibit Robo1-mediated repulsion in these axons ) so that they are instead attracted to the floor plate by netrin-1 and sonic hedgehog. After crossing, Robo3 levels are low, and Robo1 levels high. Axons are now repelled by signaling of Slit through Robo1. In addition, attraction to netrin-1 may be downregulated, possibly owing to a Slit-dependent interaction between Robo1 and the netrin receptor DCC (Deleted in colorectal cancer) owing to a failure of these axons to cross the midline in the hindbrain (Bosley et al. 2005 , Jen et al. 2004 ). Thus, in both humans and mice, Robo3 is critical for midline crossing.
Further studies in the mouse revealed that Robo3, like Robo1 and Robo2, is also spatially restricted along commissural axons-but in the opposite manner as Robo1 and Robo2. Whereas Robo1 and Robo2 levels are low before and high after crossing, Robo3 levels are high before and low after crossing ; Figure 4) . Moreover, in explant assays, precrossing commissural axons from Robo3 −/− mice are prematurely repelled by Slit. Consistent with this, the commissureless phenotype of Robo3 −/− embryos is partially suppressed by removing genetically either Robo1 or both Slit-1 and Slit-2 ). These data suggest that Robo3 DCC (Deleted in colorectal cancer): a netrin receptor allows crossing by inhibiting Slit-Robo1 signaling (Figure 4) .
Exactly how Robo3 interferes with Robo1 function is not yet clear. Robo3 does not appear to regulate Robo1 trafficking in the same way that Drosophila Comm regulates Robo ). Robo3 also does not regulate Robo1 protein levels, as these are unchanged in the Robo3 −/− embryos ). One possibility is that Robo3 may sequester Robo1 into inactive receptor complexes. Recently, researchers found that there are two distinct forms of Robo3, Robo3A and Robo3B, which are generated by alternative splicing and differ only in their extreme N terminus . Intriguingly, Robo3B binds Slit-2 in vitro, but Robo3A reportedly does not (Camurri et Robo3A does bind Robo1 . These data suggest a model in which Robo3A and Robo1 may form heterodimers, and that these heterodimers may be nonfunctional because Robo3A cannot bind Slits . In favor of this model is the finding that one of the HGPPS patients has a leucine-to-proline mutation that should disrupt Robo3A but not Robo3B, implying that the Robo3A isoform is indeed required for midline crossing. However, an interaction between Robo3 and Robo1 could not be detected in more physiologically relevant cell-based assays ). Thus, it would be premature to exclude alternative models, such as the hypothesis that Robo3 may interfere with the downstream signaling pathways activated by Robo1, perhaps because it lacks the cytoplasmic CC1 motif ; Figure 2g ,h).
Spatial Regulation of Robo Levels at the Midline
Although the mechanisms that regulate Robo activity may differ in Drosophila and mice, a feature common to both species is the tight spatial regulation of Robo proteins along commissural axons. Specifically, the repulsive Robos (all three Robos in Drosophila and Robo1 and Robo2 in mice) are all highly enriched on the postcrossing segments of commissural axons but excluded from their midline segments. In mice, Robo1 and Robo2 levels are also low on precrossing segments of commissural axons. Whether this is also the case for the fly Robos is difficult to discern because the precrossing segments of these axons are short and intermingled with other classes of axon. To what extent, if at all, does the spatial regulation of Robo distribution relate to the negative regulatory mechanisms that allow crossing, mediated by Comm in Drosophila and Robo3 in mice? In mice, Robo3 does not regulate Robo1 and Robo2 protein distributions, as these are unchanged in the Robo3 −/− mice ). In contrast, it is now dogma that for Drosophila the spatial regulation of Robo is indeed due to the action of Comm (Araujo & Tear 2003; Dickson 2002; Georgiou & Tear 2003; Keleman et al. 2002; Kidd et al. 1998a,b; Myat et al. 2002; Rajagopalan et al. 2000a; Simpson et al. 2000b ). But what is the evidence that Comm removes Robo from commissures?
The most direct experiment to test this would be to examine Robo levels on commissures in comm mutants. However, in Drosophila this is not as straightforward as the analogous experiment for Robo3 in mice because the precrossing segments of commissural axons are not as clearly defined in comm mutant fly embryos as they are in Robo3 −/− mouse embryos, and midline crossing segments are of course absent. Because this direct test is not possible, the evidence that Comm regulates Robo distribution is all indirect. The usual argument is as follows: First, genetically, comm antagonizes robo (Kidd et al. 1998b , Seeger et al. 1993 ). Second, Comm and Robo seem to have complementary distributions: Comm levels are high along commissures where Robo is low, and Comm is low on longitudinal pathways in which Robo is high (Kidd et al. 1998b , Tear et al. 1996 . Third, overexpression of Comm leads to downregulation of Robo along all axons and excessive midline crossing, as in the robo mutant (Kidd et al. 1998b) .
We now carefully reconsider each of these points in turn. First, comm antagonizes robo genetically (Kidd et al. 1998b , Seeger et al. 1993 . These genetic data now have a molecular explanation in the endosomal sorting action of Comm on Robo (Keleman et al. 2002 , Myat et al. 2002 . These data therefore cannot be invoked to support the claim that Comm regulates Robo's axonal distribution as well, unless this follows directly from the sorting action. This inference has indeed been made (Keleman et al. 2002) . However, this requires that Comm is active only as the growth cone extends across the midline, that Robo is only added at the growth cone, and that Robo does not diffuse along the axonal membrane (Keleman et al. 2002) . All three of these assumptions remain pure conjecture, and indeed it seems unlikely that all three would hold. Thus, at present, the genetic data are adequately accommodated in the sorting model for Comm function, and there is no compelling reason to additionally link them to the spatial distribution of Robo.
Second, Comm and Robo have complementary distributions. This was particularly noteworthy in the context of earlier models for Comm function, in which Comm was thought to be specifically transferred from midline cells to commissural axons (Tear et al. 1996) or to be trapped on commissures by a homophilic interaction between Comm on commissural axons and Comm on the surface of midline cells (Georgiou & Tear 2003) . With both of these models now discredited (Keleman et al. 2002 (Keleman et al. , 2005 McGovern & Seeger 2003) , the complementarity of Comm and Robo localization seems less remarkable. Enrichment in the soma and along the initial axon segment (i.e., the midline segment) is precisely the distribution one would expect for an endosomal sorting receptor for a protein that is normally transported down axons. Moreover, more recent images at higher resolution (Georgiou & Tear 2003) reveal that Comm is primarily in vesicles within commissural axons, not at the cell surface, and hence cannot directly define the "Robo-free" segment of the axonal membrane. Thus, the complementary distributions of Comm and Robo are no longer as obvious, nor as obviously relevant, as they once seemed.
Finally, perhaps the most convincing argument that Comm removes Robo from commissures has been the finding that overexpression of Comm in all neurons leads to a reduction in Robo levels on all axons and all along axons, correlating with a robo-like phenotype (Kidd et al. 1998b ). Loss of Robo protein would explain the excessive midline crossing in these embryos (Kidd et al. 1998a , Seeger et al. 1993 . But the converse may also be true. If Robo is excluded from midline axon segments by a mechanism unrelated to Comm, then the excessive midline crossing caused by overexpression of Comm should also lead to a reduction in Robo levels. Thus, the observation that Robo levels are reduced when Comm is overexpressed is consistent not only with the hypothesis that Comm regulates the spatial distribution of Robo but also with the counterhypothesis that it does not.
In sum, then, although the evidence that Comm regulates Robo sorting at the soma is compelling, the evidence that Comm also regulates the spatial distribution of Robo along axons is equivocal at best. Moreover, there is strong although still indirect evidence to the contrary. Recall that in comm mutants one cannot look directly at Robo levels on midline segments because there are no midline segments. Yet, if we also remove robo (i.e., a comm robo double mutant), there are axons with midline segments (too many of them, in fact), and no Comm is present. Also, Comm2 and Comm3, as noted above, are unlikely to have any role in Robo regulation or commissure formation. Thus, we have commissures but no Comm activity. And although Robo itself is missing, Robo2 and Robo3 are present, and they too are normally low on midline segments. In such embryos, then, we can ask whether Comm is needed to keep Robo2 and Robo3 levels low on midline segments. The clear answer is no: Robo2 and Robo3 are still excluded from commissures in comm robo double mutants (Rajagopalan et al. 2000a ). Thus, the spatial distribution of Robo2 and Robo3 is regulated independently of Comm, and unless we wish to propose distinct regulatory mechanisms for distinct Robos, we should accept that the spatial distribution of Robo is also very likely to arise through a mechanism that does not involve Comm.
This conclusion may seem surprising, but it does fit well with the findings in mice. In both flies and mice, the negative regulators of Robo that allow crossing (Comm in flies and Robo3 in mice) do not directly regulate the distribution of Robo proteins along these axons. What, then, does? We offer two suggestions. First, Robo levels along commissural axons may be regulated by purely intrinsic www.annualreviews.org • Commissural Axon Pathfindingmechanisms, involving perhaps the establishment of distinct membrane compartments in the proximal and distal axon segments. Examining Robo distribution in isolated commissural neurons in culture may provide a simple test of this idea. Second, the exclusion of Robo from commissures may be triggered by some unknown signal from midline cells. In vertebrates, this signal may also be present in the motor column, keeping Robo1 and Robo2 levels low on commissural axons as they pass through this region en route to the floor plate.
Of these two models, we favor the latterthat some other signal from the midline downregulates Robo levels on commissural axons. An appealing aspect of this model is that it creates a positive feedback loop (Figure 5 ).
An axon with initially lower levels of Robo would be more likely to enter the midline and thereby be exposed to higher levels of this signal, further reducing its Robo levels. Conversely, an axon with initially higher levels of Robo would be less inclined to enter the midline and would encounter less of this signal, and so Robo levels would be maintained or increased. Positive feedback loops of this kind result in all-or-none cellular responses (Ferrell & Xiong 2001 )-a feature of the midline-crossing decision in all species. In such feedback loops, any initial bias can tip the balance in favor of one or the other outcome. We propose that in commissural neurons the balance is tipped in favor of crossing by the negative regulators of Robo that are A model for a positive feedback loop to regulate Robo levels and midline crossing. Robo prevents crossing through Slit-mediated growth cone repulsion. Midline crossing is postulated to downregulate Robo levels on the axon surface, possibly through Slit-mediated endocytosis. This establishes a positive feedback loop, creating a "switch" that ensures an all-or-none decision. The decision between an ipsilateral (a) and commissural (b) pathway depends on an initial bias created by negative regulators of Robo function-Comm in Drosophila, which reduces Robo levels via endosomal sorting, and Robo3 in vertebrates, which blocks Slit/Robo repulsion by an unknown mechanism. Once commissural axons cross the midline (c), continued growth away from the midline allows the switch to flip back into the "no crossing" position. At this stage the continued presence of Comm or Robo3 may be irrelevant.
specifically expressed in these neuronsComm in Drosophila and Robo3 in mice ( Figure 5) . This model does not require these negative regulators themselves to have a particularly strong effect on Robo protein levels, as for Robo3 in mice and possibly for Comm in Drosophila. Rather than shutting off Robo signaling completely, Comm and Robo3 may act more subtlely to adjust Robo signaling into the dynamic range at which this feedback loop operates.
We further speculate that the extracellular signal that downregulates Robo levels may be Slit itself. Slit proteins are, of course, highly enriched in midline cells, and in vertebrates these proteins are also present in the motor column. And as Robo ligands they may remove Robo from the axon surface simply by ligand-mediated receptor endocytosis. However, Slit is not highly expressed in the dorsal spinal cord, where Robo levels are also low (Brose et al. 1999 , Long et al. 2004 , and Robos are not the only surface molecules differentially expressed on the pre-and postcrossing segments of commissural axons (Dodd et al. 1988 ). These observations hint at a more general mechanism for regulating the levels of surface molecules along vertebrate commissural axons. Nevertheless, there is good evidence that Slit at least contributes to the regulation of Robo levels, both in flies and mice. Specifically, in both slit mutant Drosophila embryos and Slit-1; Slit-2; Slit-3 triple-knockout mice embryos, Robo proteins accumulate on axons at the midline , Long et al. 2004 ). In Drosophila this may trivially be due to the general collapse of axons onto the midline, but this does not occur in slit triplemutant mice. Conceptually, our model resembles the positive feedback loop previously proposed to regulate midline crossing in Drosophila (Kidd et al. 1998b) . Mechanistically, the essential difference between this earlier model and ours is that we now propose for Slit the function previously assigned to Comm: downregulation of Robo to create positive feedback. Remember, though, that when this original model was proposed, Comm was thought to act at the midline, and Slit had not yet been identified as the Robo ligand. Another key difference is that this earlier model proposed that the initial bias may come from slight differences in the transcriptional regulation of robo (Kidd et al. 1998b ), even though it was clear at the time that robo expression is relatively uniform and that pan-neuronal expression under a heterologous promoter still allows normal control of midline crossing (Kidd et al. 1998a ). In our model the initial bias comes instead from comm, which clearly is differentially expressed (Georgiou & Tear 2002 , Keleman et al. 2002 .
MOVING ON
Although commissural axons are initially attracted to the midline, once they reach it they immediately move on along the next leg of their journey. Why, if the midline is so attractive, do commissural axons then leave it again and never come back? The emerging view is that commissural axons lose sensitivity to midline attractants and gain sensitivity to repellents once they reach the midline. The molecular mechanisms by which they might do so are still unclear.
Slit Prevents Axons from Lingering at the Midline
In both mice and Drosophila, Slit proteins do not merely function to keep ipsilateral axons out of the midline; they are also required to keep commissural axons from stalling or lingering at the midline. Thus, in slit mutant Drosophila embryos, or robo robo2 double mutants, most axons enter the midline and stay there , Rajagopalan et al. 2000a , Simpson et al. 2000b . Similarly, some commissural axons also stall at the midline in slit triple-knockout mouse embryos (Long et al. 2004) , although the defect is not as severe as in Drosophila slit mutants, presumably owing to the presence of additional midline repellents (Zou et al. 2000) . This raises two interesting and possibly related issues. Is the "don't linger" effect of Slit on commissural axons molecularly distinct from its "don't enter" effect on ipsilateral axons? And for commissural axons, which have only very low levels of Robo protein, why is the "don't linger" effect seemingly more potent than the "don't enter" effect?
These questions remain open. In Drosophila, the "don't linger" function in commissural axons is a redundant property of Robo and Robo2 (Rajagopalan et al. 2000a , Simpson et al. 2000b ), whereas the "don't enter" function in ipsilateral axons appears to be exclusively mediated by Robo (Kidd et al. 1998a , Rajagopalan et al. 2000a , Seeger et al. 1993 , Simpson et al. 2000b ). This may be because the two effects are mediated through distinct signaling pathways, with the former involving cytoplasmic domains shared by Robo and Robo2 (CC0 and CC1) and the latter involving domains unique to Robo (CC2 and CC3). A variation on this theme, suggested by studies in vertebrates, is that these domains may be differentially involved in modulating the attractive responses to other cues, rather than in signaling repulsion themselves , as we discuss in more detail below. A third possibility is that in Drosophila the distinct requirements for robo and robo2 merely reflect differences in their expression patterns. If "don't enter" requires higher Robo protein levels than "don't linger," then Robo may simply be expressed at levels sufficient for both, whereas Robo2 levels may only be sufficient for the latter.
Losing Sensitivity to Netrin upon Midline Crossing
One factor that may help keep commissural axons moving on once they reach the midline is the subsequent loss of sensitivity to the midline attractant netrin. The first evidence for this came from elegant explant experiments studying the responses of commissural axons in the vertebrate hindbrain (Shirasaki et al. 1998 ). Unlike spinal cord commissural axons, these axons do not turn longitudinally after crossing but instead continue circumferentially. This made it possible to expose these postcrossing axons to a second floor plate. Remarkably, these commissural axons were not attracted to the ectopic floor plate if it was placed on the contralateral side, but they were attracted if it was placed on the ipsilateral side. They did, however, turn toward the ectopic contralateral floor plate if the endogenous floor plate was removed. Analogous results were also obtained using heterologous cells expressing netrin-1 rather than an ectopic floor plate. These results clearly demonstrate that hindbrain commissural axons lose attraction to the floor plate, and specifically to netrin-1, once they cross the midline (Shirasaki et al. 1998 ).
These observations have been followed up for spinal cord neurons, using isolated Xenopus neurons in culture . Neurons from embryonic stage 22 were attracted to a source of netrin-1, but stage 28 neurons were not, suggesting that responses to netrin-1 also are downregulated in the spinal cord. However, some caution is needed in interpreting these results, as it is not clear whether the neurons assayed in these experiments were commissural neurons or even whether the same neuronal population was examined at both stages. Nevertheless, in an important extension of this work, provided a possible mechanism for the downregulation of netrin attraction. They found that exposing stage 22 neurons to Slit does not elicit repulsion but does block the attraction toward netrin-1. This silencing effect appears to be mediated by a direct Slit-dependent interaction between the CC1 domain of Robo1 and the so-called P3 domain of the netrin-1 receptor DCC (Deleted in colorectal cancer). As the P3 domain of DCC is required for its multimerization and function , this Robo1-DCC interaction may thus prevent DCC from signaling attraction. If something similar happens in commissural neurons in vivo, exposure to Slit at the midline may be the trigger that downregulates attraction to netrins (Figure 4) . These ideas should be possible to test in vivo. For example, the CC1 domain of Robo1 that mediates the silencing effect in stage 22 neurons is not required for repulsion, as assays in the stage 28 neurons have shown . Thus, deletion of the corresponding sequences in the Robo1 gene should result in a Slit receptor that can still mediate repulsion but is specifically defective in silencing. Similarly, the P3 domain of DCC can be functionally substituted with a heterologous dimerization domain , suggesting a simple way to create a mutant DCC that can still mediate attraction but is not subject to silencing. One anxiously awaits such in vivo tests of the silencing model, using these or other approaches.
It has also been speculated that a similar silencing mechanism may explain the "don't linger" effect of Slit on Drosophila commissural axons . However, this now seems unlikely, as the phenotype of netrin slit double mutant resembles that of the slit single mutant, and the phenotype of netrin robo resembles that of robo (M. Brankatschk & B.J. Dickson, unpublished data) . Thus, the slit and robo phenotypes cannot be explained by inappropriate responses to netrin. Still, this does not preclude the possibility that attraction to netrins is downregulated by some other mechanism in Drosophila (as may be the case in vertebrates as well).
Acquiring Sensitivity to Slit upon Midline Crossing
It thus remains uncertain whether and how spinal cord commissural axons lose sensitivity to netrins upon reaching the floor plate, and whether something similar may happen in Drosophila. In contrast, there is strong evidence that vertebrate commissural axons gain sensitivity to Slits once they cross the floor plate. This has been clearly demonstrated using explant assays to show that commissural axons emerging from a spinal cord explant are not repelled by Slit unless they are forced to pass through the floor plate (Zou et al. 2000) . This gain of a repulsive response to Slit coincides with an upregulation of Robo1 and Robo2 protein levels as soon as commissural axons exit the floor plate (Long et al. 2004 ). Yet, paradoxically, Robo3 levels are still high at this point ). Robo3 clearly inhibits Robo1-mediated repulsion before crossing, so why wouldn't it do so after crossing? One explanation is that the dramatic upregulation of Robo1 after crossing simply overwhelms any negative regulation by Robo3 , consistent with models in which Robo3 sequesters Robo1 into inactive complexes . A second possibility is that Robo3 itself is inactivated after crossing by some unknown mechanism . A third, and in our view even simpler, explanation is that Robo3 is simply no longer relevant at this point. According to the model we propose above (Figure 5 ), Robo3 only sets the initial bias in the feedback loop and commits commissural axons to crossing. Then, simply by growing straight ahead (as axons tend to do), Robo levels rise again as commissural axons exit the floor plate on the opposite side.
Levels of Robo also rise dramatically after midline crossing in Drosophila (Kidd et al. 1998a) . In this case, it is not clear whether Comm is still present and active after crossing, but by a similar argument, we propose, somewhat heretically, that it may not matter. Again, once commissural axons have crossed the midline, the continued presence of the factor that set the initial bias in favor of crossing may no longer be relevant. There is evidence that in Drosophila this is indeed the case. If comm is specifically and continuously expressed in certain ipsilateral neurons (the Ap neurons), then they cross the midline but do so only once (Bonkowsky et al. 1999) . Similarly, persistent expression of comm in specific commissural neurons (the poxn neurons) does not lead to any obvious recrossing (Keleman et al. 2005) . Even more heretically, one wonders whether the high levels of Robo protein are even relevant in postcrossing commissural axons. It is clearly the case that commissural axons recross in robo mutants (Kidd et al. 1998a ), but it is not known whether this is because they themselves lack robo or whether they simply follow other misrouted axons back across the midline. An important and doable experiment will be to remove robo from single commissural neurons genetically, in an otherwise wild-type embryo, and ask if they still recross. Until such an experiment is done, there is no formal proof in any species that Robo acts in postcrossing commissural axons to prevent recrossing. This is a sobering thought given how often this is stated as a simple matter of fact.
LATERAL POSITIONING
After crossing the midline, many commissural axons turn into longitudinal pathways located at specific positions lateral to the midline. How do they select these pathways? Once again, multiple Robo receptors come into play, possibly sorting axons out in response to the Slit signal emanating from the midline. Here too the molecular details are still sketchy, and the published findings are not entirely consistent.
A Robo Code for Lateral Positioning in Drosophila
Detailed electron microscopic studies of the Drosophila ventral nerve cord have revealed that longitudinal axons are bundled into ∼20 discrete fascicles, and selective cell labeling experiments have shown that a given neuron reproducibly joins a specific fascicle (Raper et al. 1983a,b) . Subsequent cell ablation experiments indicated a critical role for axonaxon interactions in the formation of these pathways, leading to the labeled pathways hypothesis , Raper et al. 1984 . This hypothesis posited that each fascicle is labeled by a unique combination of cell surface markers and that individual neurons decide which pathway to join by reading these molecular labels. Several candidate labels were then identified, primarily by monoclonal antibody screens, including Fasciclin II (Bastiani et al. 1987 , Grenningloh & Goodman 1992 ) and Sema1a (Kolodkin et al. 1993 , Kolodkin et al. 1992 . However, subsequent genetic analysis indicated that these molecules alone could not explain longitudinal pathway choices (Lin et al. 1994 , Yu et al. 1998 ). There had to be more involved than just these few surface labels.
When the three Robos were identified, and antibodies raised against each of them, a striking pattern became apparent: The three Robos are expressed on distinct but overlapping sets of longitudinal axons. Together, the Robos divide the longitudinal axon tracts into three major zones: a medial zone of axons that express Robo only, an intermediate zone of axons expressing both Robo and Robo3, and a lateral zone of axons expressing Robo, Robo2, and Robo3 (Figure 6) (Rajagopalan et al. 2000b , Simpson et al. 2000a ). This pattern appears to arise primarily through the transcriptional regulation of the three robo genes. For example, a commissural neuron that joins a fascicle in the intermediate zone is thought to express robo and robo2 as it crosses the midline (and needs at least one of the two to prevent stalling) but then switch to robo and robo3 as it selects a lateral pathway.
Do the three robo genes specify which lateral pathway an axon chooses, perhaps according to a "Robo code"? Loss-and gain-offunction genetic experiments provided strong evidence that this is indeed the case (Figure 6 ) (Rajagopalan et al. 2000b , Simpson et al. 2000a . For example, loss of robo3 function leads to a shift of axons from the intermediate to the medial zone, whereas the loss of robo2 shifts some axons from the lateral to the intermediate zone. Conversely, forced expression of either robo2 or robo3 can shift medial axons (of the Ap neurons) into more lateral pathways.
What is the nature of this Robo code? Does the specific combination of Robo receptors specify a lateral pathway, or is it instead the total levels of Robo receptors that matter? Data from the loss-of-function experiments are consistent with both models. More informative are the results of gain-offunction experiments, but here the two initial reports differ somewhat. First, in both studies, the addition of Robo3 to the Ap axons shifted them, as predicted, from the medial zone (occupied by axons that endogenously express Robo only) to the intermediate zone (occupied by axons that express Robo and Robo3) (Rajagopalan et al. 2000b , Simpson et al. 2000a ). However, the two studies reported different results for experiments in which Robo2 rather than Robo3 was added to the Ap axons. In one report (Simpson et al. 2000a ), Robo2 shifted the Ap axons into the lateral zone (occupied by axons that express Robo, Robo2, and Robo3), whereas in the other report (Rajagopalan et al. 2000b ) Robo2 shifted the Ap axons only into the intermediate (Robo and Robo3) zone. In this latter study, a shift to the lateral zone was only seen when both Robo2 and Robo3 were added to Ap axons or when Robo3 was added alone but at much higher levels. Thus, one set of experiments favors a combinatorial model for the selection of lateral pathways by Robo2 and Robo3 (Simpson et al. 2000a) , whereas the other favors a model in which the combined levels of the two receptors are important (Rajagopalan et al. 2000b) . Resolving these differences is crucial for understanding the molecular basis of the Robo code.
Another critical open question is what cues the Robo receptors read to specify these lateral positions. One attractive model is that Robo receptors position longitudinal axons in response to a gradient of Slit activity that spreads laterally away from the midline (Rajagopalan et al. 2000b , Simpson et al. 2000a (Figure 6 ). All three Robos clearly bind Slit (Brose et al. 1999 , Howitt et al. 2004 , Rajagopalan et al. 2000b , Simpson et al. 2000b , and this model has the virtue of A Robo code for lateral positioning in Drosophila. Schematic showing the division of the longitudinal axon tracts into three major zones, according to the Robo code. Loss-and gain-of-function experiments (red and blue neurons, respectively) demonstrate that the Robo receptors determine the lateral positions of longitudinal axons (Rajagopalan et al. 2000b , Simpson et al. 2000a . It is unclear whether lateral positions are determined by the total levels or specific combinations of Robo receptors that are expressed. It is also unknown how Robo receptors determine the lateral position. One possibility is that they position axons on a gradient of Slit activity, as illustrated.
explaining the relative order of the three Robo zones (more Robos laterally) as well as the dose-dependent lateral shifts observed in one of the misexpression studies (Rajagopalan et al. 2000b) . However, there is still no direct evidence that Slit is involved in lateral positioning. Such evidence is hard to come by. Removal of Slit results in severe midline crossing and stalling errors, precluding the formation of lateral pathways. The ideal experiment would involve somehow leaving Slit present at the midline but blocking its ability to spread laterally, for example, by a membrane-tethering approach similar to that used to distinguish between the short-and long-range activities of netrin (Brankatschk & Dickson 2006) . Until direct evidence is provided from this or another experiment, the role of Slit in lateral positioning remains pure conjecture, and other possibilities should not be dismissed.
One alternative explanation is that the Robo receptors sort axons into zones simply through homophilic interactions. In such a model, Robo receptors would not be fundamentally different from any of the other pathway labels such as Fasciclin II. Hivert et al. (2002) have put forth this model, based on their finding that vertebrate Robo receptors act as homophilic adhesion molecules in beadbased aggregation assays. Indeed, this model is perfectly consistent with the combinatorial model for pathway selection (Simpson et al. 2000a) . It is, however, more difficult to reconcile with the dose-dependent lateral shifts (Rajagopalan et al. 2000b) , and unlike the Slit gradient model it does not account for the relative order of the Robo zones. Nevertheless, the homophilic interaction model deserves serious consideration and a critical experimental test. One such test would be to ask whether the forced expression of Robo2 or Robo3 could still shift the Ap axons laterally if the endogenous receptors were absent.
A Robo Code for Lateral Positioning in Mice?
Recent findings also hint at an analogous Robo code for lateral positioning in mice, one that involves the receptors Robo1 and Robo2 (Long et al. 2004) . After crossing, commissural axons turn to project longitudinally along the lateral funiculus, forming a Robo1-positive medial zone, a Robo2-positive lateral zone, and a mixed intermediate zone. Loss-offunction experiments also suggest that Robo1 and Robo2 function in lateral positioning, although perhaps in a more complex way than in Drosophila (Long et al. 2004) . In Robo1 −/− embryos, the medial regions of the funiculus are reduced, and the dorsal regions are thicker, suggesting a lateral shift of the Robo2-positive axons. Conversely, in Robo2 −/− embryos, the medial region is thicker, and the dorsal region thinner, evidently owing in part to a medial shift of Robo1-positive axons. These results are perhaps more consistent with a combinatorial model for lateral positioning by Robo1 and Robo2 than with a levels model.
In the case of mice, there is even direct evidence that Slit proteins are involved in lateral positioning. Specifically, in Slit-1; Slit-2; Slit-3 embryos the lateral funiculus is reduced and Robo1-positive fibers are confined to more medial positions (Long et al. 2004) . As for slit mutants in Drosophila, there is concern that these defects may be secondary to midline crossing defects, although Slits are not the only midline repellents (Zou et al. 2000) and many axons still cross normally in the triple-knockout embryos (Long et al. 2004 ). An additional complication is that axons do not remain in one lateral position within the funiculus but shift to more lateral positions after initially coursing for some distance close to the floor plate. It is unclear whether this is due to a sudden increase in sensitivity to Slit, and if so whether this involves a change in the levels or combination of Robo receptors expressed. As in Drosophila, there is still much to learn as to how and to what extent Slit and its Robo receptors specify the lateral positions of longitudinal axons in mice.
LESSONS AND PERSPECTIVES
Finally, what lessons can we take from this detailed study of Slit and Robo function in commissural axon pathfinding? Can we glean any general principles that may apply to other axons in other contexts? To us, the following conclusions seem generally valid. First, pathway diversity emerges from a series of discrete decisions, each with two or just a few possible outcomes. Specific molecular mechanisms seem to govern each decision, and individual decisions can be genetically uncoupled. Second, complex trajectories can be generated with very few guidance cues, as dramatically illustrated by the multiple divergent pathways specified (or thought to be specified) by a single midline repellent, Slit. Third, axons choose different paths because their growth cones express different sets of receptors resulting from both transcriptional and posttranslational regulation. To a first approximation, transcriptional regulation specifies the path, whereas posttranscriptional regulation controls growth along that path. Fourth, and perhaps most speculatively in this case, positive feedback loops may ensure the robustness of pathway choices. These four principles, extrapolated from the detailed study of Slit/Robo function in commissural axon pathfinding, may help explain how relatively few guidance molecules can specify intricate wiring patterns with extraordinary fidelity.
We also wrote this review in part to challenge the view that "axon guidance has been solved." We chose to focus on one of the best understood of all guidance systems, using it as a benchmark to measure our knowledge and our ignorance. We trust the reader will agree with us that the latter still far exceeds the former. A scientific problem is often declared solved when one field has pushed it almost as far as it can. Perhaps this is the case here. Genetics and biochemistry have identified the key molecules and provided important insight into what these molecules do. Now, we need to find out how these molecules interact in space and time to orchestrate the dynamic process of growth cone navigation through a complex cellular environment. For such questions, the tools of genetics and biochemistry are blunt. They need to be coupled with tools from other fields, in particular from cell biology. We hope that our review encourages researchers from these fields to tackle this problem and helps to frame some of the key open questions for them to answer.
